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Objective of Elementary Particle Physics

“So that I may perceive whatever holds
the world together in its inmost folds.”

= from the smallest dimensions in microcosm
to the largest dimensions in the Universe
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Objective of Elementary Particle Physics

“Dass ich erkenne, was die Welt
im Innersten zusammenhalt.”

Goethe, Faust
’ galaxy

’ DNA

cell
atom

nucleus

§ -

r\ LI

electron
microscope t-
& accelerator

= from the smallest dimensions in microcosm
to the largest dimensions in the Universe

@ Top Quark Physics - Christian Schwanenberger - DESY Summer School



Objective of Elementary Particle Physics

“Dass ich erkenne, was die Welt
im Innersten zusammenhalt.”

Goethe, Faust
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DESY erforscht,
was die Welt im Innersten zusammenhalt

= from the smallest dimensions in microcosm
to the largest dimensions in the Universe
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Big Bang in the Lab?
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The Tevatron pp Collider at Fermilab
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30 September 2011

Tevatron complex shut
down after 26 years
of successful operation.
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The LHC pp Callider at CERN

pp 7 2010-11 5.1 fb-1

pp 8 2012 21.3 fb-1
Pb+Pb 2.76 2010-11 160 pb-1
Pb+p 5 2013 30 nb-1

Top Quark Physics - Christian Schwanenberger - DESY Summer School 8 HE LMoL




June 3rd, 2015: First Collisions @ 13 TeV
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The Standard Model of Particle Physics

strong force

M

electromagnetic force
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weak force
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Particle Masses

l]lllllllllllllllll'l

m b (1976)
' quarks
o7
*®  leptons
T T T
0 I 25 5 7.5 10
neutrino masses <« | eV proton Mass (GeV)

Top Quark Physics - Christian Schwanenberger - DESY Summer School 11 KoL



The Top Quark
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Physics Groups: D@ Collaboration

Top Quark Physics



Top Quark Physics Topics

— top physics collaboration
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Top Quark Physics Topics

— top physics collaboration
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Top Quark Physics Topics

— top physics collaboration
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Top Quark Physics Topics

Quantum

chromn
r.I,.

Higgs

yson Properties
New
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Top Quark Physics Topics
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History of the Top Quark Search
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History of the Top Quark Search

> From here on the race to find the top began
+ Petra (e*e”) at DESY, Hamburg: mt>23.3 GeVin 1984

+ Tristan (e*e") in Japan: mt>30.2 GeV in late 80s

+* UA1&UA2@SPS (pp) at CERN: discovery of
Wand Z in 1983

+ UA1: mt>44 GeV in 1988

(after having an excess in 1984
which they thought was evidence for top)

+ LEP (e*e”) at CERN : m >45.8 GeV in 1990
+ UA2: mt>69 GeV

= W — tb search channel closed down

q t

W+
Mw>m:+mp h
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History of the Top Quark Search

> From here on the race to find the top began
+ Petra (e*e”) at DESY, Hamburg: mt>23.3 GeVin 1984

+ Tristan (e*e") in Japan: mt>30.2 GeV in late 80s

+* UA1&UA2@SPS (pp) at CERN: discovery of
Wand Z in 1983 m,, Constraints from EW Data

_ - — A
» UA1: m>44 GeV in 1988 ?'9’

(after having an excess in 1984
which they thought was evidence for top) 180 -

+ LEP (e*e”) at CERN : m >45.8 GeV in 1990
+ UA2: mt>69 GeV 160 -

Electroweak precision data
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History of the Top Quark Search

» 1984/85: Tevatron collider
commissioned and dedicated

> October 1985:
First collisions recorded by CDF
+ D@: still in construction

> 1987: CDF Run-0
*» 1992: First collisions by D@

FERMILAB'S ACCELERATOR CHAIN

* Run |l (1.8 TeV): 1992-1996 Run I Tevatron

+ 1995: Discovery of the top quark! S i

+ In total ~120pb™! per experiment O =g

+* D@: more focused on calorimetry N~ _\‘f"m
+ CDF: more focused on tracking W= "~

-
- w
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The Top Quark

PRL 74, 2632 (1995)

|discovery| PRL 74, 2626 (1995)
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1995, CDF and D@
experiments, Fermilab
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The Top Quark

PRL 74, 2632 (1995)

|discovery| PRL 74, 2626 (1995)

rpe— March 2nd, 1995:

DG First announcement of Top Discovery
in public seminar at Fermilab
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The Top Quark

PRL 74, 2632 (1995)

‘discoveryl PRL 74, 2626 (1995)
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The Top Quark

PRL 74, 2632 (1995)

discoveryl PRL 74, 2626 (1995)
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The Top Quark

dISCOVEI'y PRL 74, 2626 (1995)
today

N EXPL@DSIMT@PS

: JAY HOWARTH .
ON BEHALFOFTHE AT LAS EXPERIMENT
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The Top Quark

PRL 74, 2632 (1995)

‘discovery| PRL 74, 2626 (1995) | precision |

Tevatron+LHC m,, combination - March 2014, L_=351b"-8.7 fb”
6 T - ; ATLAS + CDF + CMS + DO Preliminary
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The Top Quark

\ discovery |
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The Top Quark
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The Top Quark
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The Top Quark
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The Top Quark
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The Top Quark

> needed as isospin partner of
bottom quark

u * discovered in 1995 by CDF and D@:

* large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

s short lifetime: T~ 5 -10%s < /\“QCD:

decays before fragmenting
— observe “naked” quark
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Top Quark Physics Topics

Quantum
chromo-
dynamics
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Top Quark Pair Production

q t
Tevatron
(85%)
a T
g t g t g t
. N LHC
(87%)
(14 TeV)
g tg tg t
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Top Quark Pair Signatures

14% | Top Pair Decay Channels

e high pr leptons, missing Et
® jets
e b-jets

electron+jets
muon+jets
tautjets

alljets
46%

tau+jets

muon-+jets
electron+jets

dilepton (e/p) e/u+jets
6% 34%

37 &
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Dilepton Event

umber: 160958, Event Number: 9038972

Date: 2010-08-08 12:01:12 CEST

\
3 1 EXPERTMENT
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Cross Section in Hadron Hadron Scattering

: T PDF for incoming
Sum over incoming parton i
partons |, |
Momentum fraction “partonic” cross
for incoming parton section
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What is a Cross Section?

> differential cross section: do/dQ:

- probability of a scattered partlcle m a glven quantum
state per solid angle dQ ] Z

- e.g. Rutherford scattering
experiment

Geiger and Rutherford in Manchester

* integrated cross section: o= [ do/dQ dQ

Measurement: | O=(IN

Luminosity
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Dilepton Signatures

LN L LA S S LN B e S L B B

ATLAS e Data 2012
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[ Diboson
mm Mis-ID lepton

|

— Powheg+PY
" MC@NLO+HW
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Dilepton Signatures
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Dilepton Signatures with b-tagging

ATLAS
\s=8TeV,20.3 1"
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Dilepton cross section

Oif = 182.9+3.14+4.2+3.61+3.3 pb (\/g = 7TeV) +3.9%
o =242.4+1.7£55+7.5+4.2pb (/s =8TeV)| +4.3%
(stat) (syst) (lumi) (beam)

—— ammaE AR BB e o e T ——
® Dgta 2012

- ATLAS )
- \s=8TeV,20.3fb" [J !t Powheg+PY
- m W

= 3 Zyets

[ Diposon

B Mis-1D lepton

Eur. Phys. J. C74 3109 (2014)
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Top Pair Production Cross Section

CDF Run Il Preliminary, 9.0 fb~ - e

Top Pair Production Cross Section at CDF

77771 Cacciari et al., arXiv:0804.2800 (2008) Assume M=172.5 GeV/c?

DO Run Il July 2011
lepton+jets + dileptons (pPLB) +0.19 +0.57
5.4 5 7.40 %549 Tos0 PP
lepton+jets (topo + b-tagged, PRD) He— +0.25 +0.75
53 fb" 7.657,% Zg57 Pb
dileptons (topo + b-tagged, PLB) +0.45 +0.76
p_1 e 7.27 2545 —0s3 PD
5.4 fb
lepton+track (b-tagged)* 5.0 f}jﬁ jg:g 203 pb
1.0fb~"
tautlepton (b-tagged)* 7.32 +1:34+1.20
. T oe 045 pb
22 ! -1.24 -1.06
tau+jets (b-tagged, PRD) 1.15 +0.72
10f1b_1 H 6.30 *11°*072 .0 40 pb
a||jetS_(b-tagged. PRD) — 6.9 jg i}ji 04 pb
1.0
(stat) (syst) (lumi)
. = 175 GeV B owm C.acciari.e I., JHEP 0809, 127 (2008)
OpCTEQG M [ N.Kidonakis and R! Vogt, PRD 78, 074005 (2008)
' S. Moch and P. Uwer, PRD 78, 034003 (2008)
l Ll 1 I Ll 1 l L1l 1 I L1l I - l
R 0 2 4 8 10 12
= preliminary
red = 2011 result —_— rg
blue = 2010 results O (pp — tt + X) [pb]
all channels measured except forr,_. T, .

M m::mm.:':;z:?,:‘m, + (stat) £ (syst) + (lum.)
Dilepton 7.40 + 0.58 + 0.63 + 0.45
Lepton + jets (topolog,) 7.82+0.38 + 0.37 = 0.15
Lepton + ets (b-tagged) 7.32+0.36 + 0.59 + 0.14
Al hadronic _’ , 7.21+0.50 + 1.10 + 0.42
MET + >3 jots i 7.99+ 0.55 + 0.76 + 0.46
MET + 213 jots ; m 7.11+ 0.49 + 0.96 + 0.43
Tau + Lepton ? g A8+2.27 ’1 07 +0. A7
N | L 1 1 | L L N | 1 L 1 1 1 L 1 1 "
4 6 8 10 12

— good agreement with each other

Top Quark Physics
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Top pair production cross section

ATLAS+CMS Preliminary LHCIopWG

NNLO+NNLL PRL 110 (2013) 252004
"""" My = 1725 GeV, 0, (M,) = 0.118+0.001

scale uncertainty

o summary, Vs = 7 TeV May 2016

lotal stat
scale @ PDF & a4 uncertainty e
ot (stat)  (syst) = (lumi)

ATLAS, l+jets 179+4+9+7pb L,=0.7 fo"
ATLAS, dilepton (*) = 173+6° 1% "Spb L,=07fb"
ATLAS, all jets (*) F + t 1167+18+78 +6pb Ly=10fb"
ATLAS combined L | 177 +3° + 7 pb L,=0.7-1.01b"
CMS, l+jets (*) —to—t 164+ 3 i 12+7pb L,=0.8-1.11b"
CMS, dilepton (*) —tot+i 170+ 4+ 16 £ 8 pb L,=1.11"
CMS, 1, +h () e 149+ 24 + 26 +9 pb L,=1.11"
CMS, all jets (*) i + + J 136 £ 20+ 40+ 8 pb L=1.11"
CMS combined —to—1 166 + 2 +11+ 8 pb L,=0.8-1.11b"
LHC combined (Sep 2012) Lo s | 173+ 2+ 8+6pb L,=0.7-1.1 b
ATLAS, I+jets, b—Xpv —a— 165+2+ 17 £ 3 pb L,=47 1"
ATLAS, dilepton ey, b-tag HeH 182.9+3.1+42+3.6pb L =461’
ATLAS, dilepton ey, Nms_Egss = 1812428737 £33pb L 46’
ATLAS, 1, +ets I u 1 194+18 + 46 pb L,=171"
ATLAS, all jets F + 168+ 1270 +7pb L,=47 1"
ATLAS, 7, i+ Pttt 1839+ 23 +3pb L,=46fb"
CMS, |+jets e 161.7 £6.0+£12.0+ 3.6 pbL =501’
CMS, dilepton ey HeH 173.6+2175°+38pb L 501"
CMS, 1, i+ ———t— 143+ 14 £22+3pb L,=22 1"
CMS, 7, 4Hets Pttt 152+ 12+ 32+ 3 pb L,=39fb"
CMS, all jets —t——t— 139+ 10+ 26 £ 3 pb L,=35fb"

(*) Superseded by results shown below the line

NNPDF3.0 JHEP 04 (2015) 040

Effect of LHC beam
energy uncertainty: 3.2 pb
(not included in the figure)

lIIIlII[IIlIlIlIIlIIllI

MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[e(M,) = 0.113]

IIIlIlIIIllII

ATLAS+CMS Preliminary LHCIOpWG G, summary, Ys=8TeV

NNLO+NNLL PRL 110 (2013) 252004
m,,, = 172.5 GeV, “s(MZ) = 0.11810.001
scale uncertainty

scale ® PDF ® o uncertainty

ATLAS, lepton+jets

PRD 91 (2015) 112013, L,, =20.3fb"

CMS, lepton+jets

arXiv:1602.09024, L., =19.61b"

CMS, lepton+t, ——
PLB 739 (2014) 23, L, =19.6fb"
ATLAS, dilepton ep

EPJ C74 (2014) 3109, L, =20.3fb"
CMS, dilepton (ee, up, ep)
JHEP 02 (2014) 024, L, =5.3fb"
LHC combined ey (Sep 2014)
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
Ly =53-203fb"

e

CMS, dilepton ep i
arXiv:1603.02303, L, =19.7 fb”

int =

CMS, all jets L

May 2016

totall stat I

8 I eV Oy * (stat) £ (syst) £ (lumi)

—#— 260+ 1'2+8pb
2285+3.8+13.7+6.0 pb
p——o 257 +3+24+7pb
242.4+17+55+75pb
239.0+21+11.3+£6.2pb

2415 +1.4 +5.7 + 6.2 pb

2449+14"22+6.4pb

EPJ C76 (2016) 128, L, =18.41b"

Effect of LHC beam
energy uncertainty: 4.2 pb
(not included in the figure)

]
275.6+6.1+37.8+7.2 pb

NNPDF3.0 JHEP 04 (2015) 040
I MMHT14 EPJC75 (2015) 5
: CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[, M) = 0.113]

50 100 150 200

s, [pb]

250 300 350

o [pb]
(all) channels measured to look for the unexpected
— no new physics
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Top pair production at hadron colliders

-
o
w

Frrrrry

llll.l'llllll.1llllllllllllllllllll
ATLAS dlepton 7 1ev (Lea s 0 ATLAS+CMS Preliminary - sep 2014
CMS dilepton 7 TeV (L=2.3 fb")
ATLAS I+jets* 7 TeV (L=0.7 fb) TOPLHCWG
CMS l+jets 7 TeV (L=2.3 fb")
ATLAS dilepton 8 TeV (L=20.3 fb™)
CMS dilepton 8 TeV (L=5.3 fb) g
LHC combined eu* 8 TeV (L=5.3-20.3 o) ="
ATLAS l+jets* 8 TeV (L=5.8 fb") -
CMS l+jets* 8 TeV (L=2.8 fb') =~

~

+5.7%
| (theo)
200; 11 £3.9%
(ep)

OO%emOemX |

=

250

Inclusive tt cross section [pb]
o
N
[

|
|||||||I

* Preliminary o

—
o

Z=== NNLO+NNLL (pp) 150

S NNLO+NNLL (pD) 7 8
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
n'5°? =172.5 GeV, PDF® a uncertainties acc?rding to PDF4LHC
1 I L1 11 I L1 1 L1

I | S I 11 F 1 I | I 1 | I |

2 3 4 5 6 7 8 9
\s [TeV]

— experiments challenge theory again
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Top pair production at hadron colliders

Inclusive tt cross section [pb]

—

o

w
T T TTT1T0

_—t
o
N

—
o

eager to put

T T TTT |

OO%emOemX |

L L LI D LI L

CMS dilepton 7 TeV (L=2.3 fb')
ATLAS l+jets* 7 TeV (L=0.7 fb')
CMS l+jets 7 TeV (L=2.3 fb")
ATLAS dilepton 8 TeV (L=20.3 fb™)
CMS dilepton 8 TeV (L=5.3 fb)

ATLAS l+jets* 8 TeV (L=5.8 fb")
CMS l+jets* 8 TeV (L=2.8 fb") =
o

* Preliminary o

s NNLO+NNLL (pp)
&= NNLO+NNLL (pp)

1 1 ] 1 I ) 1 1 I I 1 1 1 1 I 1 1 ] 1
Tevat bined* 1.96 TeV (L=8.8 fb' _
ATLAS diepion 7 ToV (4.8 S322®) ATLAS+CMS Preliminary sep 2014

TOPLHCWG

LHC combined ey” 8 TeV (L=5.3-20.3 fb")

250

Illlllll?ll

200f

150f

a point here

+5.7%
(theo)
1] £3.9%
(ep)

1

. - .
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

n'5°? =172.5 GeV, PDF® «_ uncertainties acc
1 I 1 1 L 1 I 1 1 L

2 3 4 5

6

- ]

praingto POAFLRC

7 8 9
\s [TeV]

— experiments challenge theory again

~—_
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Top pair production at hadron colliders

boldly go

'3 103 L] I I 1 I LI I 1 1 1 I I I I 1 1 I 1 I | I 1 1 1 I I I I 1 1 I 1 I | Where nO n

[ Yr Tevatron combined* 1.96 TeV (L=8.8 fb’ - ~ ne = P

.E.‘ — = ATLAS dilepton 7 TeV (L=4.6 fg") ) ATLAS"‘CMS Prehmlnary Sep 2014 man has __________ L

c | e CMS dilepton 7 TeV (L=2.3 fb") ” -
(e | O ATLAS l+jets* 7 TeV (L=0.7 fb") TOPLHCWG
© | O CMS l+jets 7 TeV (L=2.3 fiy') _
QO ® ATLAS dilepton 8 TeV (L=20.3 fb™)
w ® CMS dilepton 8 TeV (L=5.3 fb')
0 1 02 L% LHC combined ep* 8 TeV (L=5.3-20.3 fb™) —
8 — O ATLAS l+jets* 8 TeV (L=5.8 fb") ' :
5 — O CMS ljets* 8 TeV (L=2.8 fb") :
i - * Preliminary 250+ 4
H — A
o
= - [ 1 7
3 i ]
- 200 .
s 10 : ] 3
c ! {1
Z=== NNLO+NNLL (pp) 180 T 94
&—— NNLO+NNLL (pp) 7 8 1
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 7
mb? =172.5 GeV, PDF® a uncertainties acc?rding to PDF4LHC
1 | I 1 1 L1 I 1 1 1 1 1 1 1 I 1 | § 1 I 1 1 | 1 1 1 1 | 1 | L1

2 3 4 5 6 7 8 9

\s [TeV]

— experiments challenge theory again
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Top pair production at 13 TeV

“top quark peak” July2015

/ 42pb' (13 TeV)

CMS e’ - Data
it
} @ Non W/Z
vV

- W )
w2 e’

first look at the new world
energy frontier

Tevatron combined* 1.96 TeV (L=8.8 fb') - Sep 2015 —
ATLAS op 7 TV (Lt 6 15% ATLAS+CMS Preliminary P

CMS eu* 7 TeV (L=5fb") LHCIopWG
ATLAS eu 8 TeV (L=20.3 fb")

CMS eu* 8 TeV (L=19.7 fb’)

LHC combined eu* 8 TeV (L=5.3-20.3 fb)
ATLAS ep* 13 TeV (L=78 pb")
CMS eu* 13 TeV (L=42 pb")
ATLAS ee/up* 13 TeV (L=85 pb’)
ATLAS l+jets* 13 TeV (L=85 pb™)
CMS I+jets* 13 TeV (L=42 pb”)

* Preliminary

Number of events

-
o
w

I * *
44! *‘*U{*H*LHH {'
50 700 150 200 250 300 350 400 450 500

H: (GeV)
sum of scalar pr of all jets

Data/MC

OOr»rem<«onmondg

1000

LI
|

Inclusive tt cross section [pb]

iy
o
\)

800} 'E

T T T T T

600

[

=——— NNLO+NNLL (pp) . . . . ]
E—— NNLO+NNLL (pp) 13 (s [TeV]
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

My, = 172.5 GeV, PDF@ ag uncertaintief according to PPF4LHC
1 1 I 1 1 1 1 1 L 1 1 1 1 1

10

I 1 1
2 4 6 8 10 12 14

Vs [TeV]
— agreement with SM prediction
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Top pair production at 13 TeV

3‘ I 1 1 1 I | 1 | I | | 1 I 1 1 1 I | 1 1 I 1 | 1
- Tevat bined 1.96 TeV (L < 8.8 fb" . -
2 v CMS e 5,02 Tov (L 2 26 pp) ) ATLAS+CMS Preliminary Aug2016
c ~ m ATLASep7TeV(L=46f") N
S e CMSen7TeV(L=51b) LHCIOpWG
phrer 3 m ATLASep8TeV (L =20.3 fo' b
O 10°E o cMSepsTev(L=19.71")
O = v LHC combined ep 8 TeV (L = 5.3-20.3 fb”)
» ~ = ATLASep13TeV(L=32fb")
7)) ~ v CMSeu 13TeV(L=221b")
(¢)] ~ Ao ATLASee/uu*13TeV(L=85 pb b
o — O ATLAS lsjets* 13 TeV (L =85 pb™)
O | A CMSl+jets” 13 TeV (L = 23fb) [ 1 |
= O CMS all-jets* 13 TeV (L = 2.53 fb ) 900,_ .
* Preliminary [ |
> 10°E | —
[ - 800r 1 3
- - - 7
O _ - 4 { ]
£ _ /700 1 -
o mmmms NNLO+NNLL (pp) - 1 —
= NNLO+NNLL (pp) S T— !
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _
= NNPDF3.0,m,_ = 172.5 GeV, o, (M,) = 0.118 £ 0.001 =
B I | | | | | 1 1 I | | 1 I 1 | 1 I 1 1 | 7
2 4 6 8 10 12 14
Vs [TeV]

— agreement with SM prediction
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...

~

® LO multileg generators matched
with parton shower
Alpgen+Pythia, Alpgen+Herwig, ...

® NLO+parton shower generators
Powheg+Pythia, MC@NLO+Herwig, ...

(1/0)do/dpy,, [1/GeV x 107°]
w

® NLO+LO multileg generators

matched with parton showers 13
§ L
® NNLO QCD calculations Tooo]

Czakon, Heymes, Mitov (2015)

CMS(1+5) r—e—sd

PP—

tE+X (8
m=173.3 GeV
¥ MSTW2008

e /M E{0.5,

1,2}

0 50 100 150 200 250
Pr,. [GeV]

300

350

400
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Differential, unfolded: top pr

" 0 1 - =L T T T T T T =
. > . -
% [ (@ DO £=97fh! § v Bl Data :
&) [ —-Data Alpgen et v 4+~ NLOsNNLL 7 I eV
. 0.08 - .= MC@NLO gg T ATLAS |
-g - —— approx.NNLO LT = -
M [ (mmp =173 GeV) - _[ Ldt=461fb" 3
8..& 0.06 - pe=ey Phys. Rev. D 82, 114030 (2010) E e {s=7TeV E
- - === approx.NNLO i |
% : e J. High Energy Phys. 09, 097 (2010)
T 0.04F |LE N 3 E
8 fe] B 2 TeV - ;
- B 1 B
0.02f - - :
: —— g 1_5:_ } i = t f 1I - =
i 218 1B —¢— ! = h
ol T e I e e —
1 2 4 Z 05:—|||||||—:
0 00 00 ggo 00 0 100 200 300 400 500 600 700 800
pr- [GeV] p. [GeV]
S CMS, 19.7fb"at s =8 TeV
r‘ 8:_[]IIIIIIIIlllIIlIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIII_:
> F e/u + Jets Combined
<) 7E e Data .
G : poles — MadGraph+Pythia 3
= 6 | | - MC@NLO+Herwig
S : --- Powheg+Pythia ]
N S e Powheg+Herwig
—|0 afs | Approx. NNLO
E (arXiv:1210.7813)
3k L
2f
1
1'60;_-Stat. =
>l 14 Stat®Syst -
s 12 F SO s .
<0 S 3 3
- I S— o e—
0.8

0 50 100 150 200 250 300 350 400 450 500
p‘T (GeV]
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Differential, unfolded: top pr

t

— (=] = =
_ > - — =
% " (a) DO ¥=97fb! 3 F,. " Data ]
o) [ —e-Data Alpgen 2o fF - —+~ NLOsNNLL 7 I eV
<. 0.08} - .~ MC@NLO 38 | ATLAS |
-g - —— approx.NNLO BTN = -+ =
e} [ (m ™ 173 GeV) - _[ Ldt=461fb" 3
8..& 0.06 - pe=ey Phys. Rev. D 82, 114030 (2010) - e {s=7TeV ]
- - === approx.NNLO i i
% : . J. High Energy Phys. 09, 097 (2010)
T 0.04F |LE 10tk E
8 fe] B 2 TeV : z
5 B 4 7
0'02.— ,-,.,-,1 -:::}::: | - ! } :':I -
| A B———
0‘ S et i 68 15——0—0—.——0— —————————— %: h
1 2 4 2l 0.5t et
0 00 00 3) 00 00 0 100 200 300 400 500 600 700 800
P [GeV] P! [GeV]
5 CMS, 19.7fb " at /s =8 TeV — CMS Preliminary 2.2fb’ (13 TeV)
[ 8:_[][]'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_: g ' ~ Dilepton POWHEG v2+PYTHIA8
S E e/u + Jets Combined 4 F e MG5_aMC@NLO+PYTHIASMLM] 1 3 I ev
8 7E e Data G R % B MG5_aMC@NLO+PYTHIAS[FXFX]
F H= = — MadGraph+Pythia = L POWHEG v2+HERWIG++
I_,‘_ - 6 | | --- MC@NLO+HerW|g = g - ——e—— Data with stat+sys uncertainty
Do - - -- Powheg+Pythia E r Statistical uncertainty
Ol 5p | ey L Powheg+Herwig — 00—
pmlle) P I Approx. NNLO 2 B
s (arXiv:1210.7813) o, L
3 : brn'__o.004 ST
£ 0 &S looks
15 0.002
s - .: P | better
2. - 1.4 :_ Stat @ Syst __ 1.3 stat+sys uncertainty
O |+= - 1.2]
o|s 12 F e SR T TR LT 3 > 1.4
'-E o 1 S ; = h 8E
Eesesaas e — 1 o 90
08 F . X X X ) . X X X = o7
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500
p (GeV] pl [GeV]
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Top Quark Physics Topics

Electroweak
Physics

Nl
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Single Top Quark Production

direct measurement of |V |
q t d J . P
(Vg Vis Vi
ud us ub w W b
VCKM = Vcd Vcs Vcb b t
\th vts \/tb ) q' b g ; g t
Tevatron LHC (7 TeV)
B t—channel B t-channel
B s—channel B s—channel
Wotw AW

= important to measure all channels separately to search for new physics
BUT: do not separate Wt in higher orders -an unphysical question!

Top Quark Physics - Christian Schwanenberger - DESY Summer School 56 KoL




Single Top Quark Selection

b-jet muon

ogs = 1.05+0.06 pb

s—-channel: NLO+NNLL m - 172.5 Gev

Kidonakis, PRD 81, 054028 (2010)

{ ¢ lepton
V' e missing E;
b

missing
Er

* b-jets

q' th b

b-jet

t-channel: ° - 2.12+0.16 pb
missing Energy

NLO+NNLL, m: = 172.5 Gev

Kidonakis, PRD 83, 091503 (2011) ‘ ‘ : —_—
’
q g ©°Jets
{ ¢ |ept0ll Muon .

vV @ missing E;

b
g > b-jets

b Jet
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Single Top Quark Yields: pretag

W + 2 Jets, 0 b-Tag CDF Il Preliminary 7.5 fb™
|._

-4 CDF Data
I Single Top
it
CIW+HF

- B W+LF
20000 0 Z+Jets

I Il Diboson
EQcb

|
Q

100001

Events /[12 GeV/c?

Q

“isolated” u*

we Loy

! b 300 400
< - / M, [GeV/c’]
b

Cq"}et e best s/b: ~1/200 before b-tagging

QJ

jet
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Single Top Quark Yields

Primary vertex .~ > /
_= /
/‘/%ﬂ\ v

Prompt tracks /

;N + 2 Jets, 1 b-Tag CDF Il Preliminary 7.5 fb™

g W y 0 600 -+ CDF Data
5 | @
{ ()] i
>
q w y L N
400 B Z+Jets
i I Diboson
QcCD
q _ nx .
q " 200
6 -
“isolated” u*

v

5 p—" %% 05 o0 05 1
q s b/ — (jet) - -V. .
< ) Jet Flavor Separator
q b fw_
g q'?et e best s/b: ~1/200 before b-tagging

et e best s/b: ~1/10 after b-tagging
TR
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Single Top Quark Yields: b-tagged

e number of jets and
number of b tags to define
g samples

l {3
W + Jets, >1 b Tag

S

£ CDF 3.2 fo" C0F ata
¢ o —— ingle Top
’ W S L = §
Vv I.IJ Q
@ EwsHF 3
© B w.LF &
) crrrs srrrs [l Other )
'g LS 72 Uncertainty E
g W q © =
N o e
T T1000f :
“isolated” u* === =
we Ly
g 9 b , = (Jet) 1 2 3 4
- W- NJets
q b -
s\ e best s/b: ~1/200 before b-tagging

jet e best s/b: ~1/10 after b-tagging
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Multivariate Analyses

Boosted Decision
Trees

Neural Networks Matrix Elements

'; i

background signal
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Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses
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Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses
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Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

> result:
weight for every event

background signal
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Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses

boosting:

strain tree: T
-derive weight: of,
- retrain tree: T

to minimize error
-average: T =2« T

F

. »
Rl
o »

s/b s/bs/b s/b s/b s/b

“
*
-

* ST “
“ b .
2 1™ b
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Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses

* result:
weight for every event

background signal

s/b s/bs/b s/b s/b s/b 0 1
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Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

* result:
weight for every event

background signal

s/b s/bs/b s/b s/b s/b 0 1

Top Quark Physics - Christian Schwanenberger - DESY Summer School 67



Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

* result:
weight for every event

background signal

s/b s/bs/b s/b s/b s/b 0 1
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Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses

> result:
weight for every event

ckground signal
s/b s/bs/b s/b s/b s/b 0 1
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Output Discriminant for s+t channel

CDF-CONF 10793

q g b
b W + 2 Jets, 1 b-Tag CDF Il Preliminary 7.5 b
n — Single Top
g -
~ l
G W S 0.1

0.05}

Normalized Event Fraction

10

1 '-10.5”“0' - '0:5” 1
NN Discriminant
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Output Discriminant for s+t channel

b Phys. Rev. Lett. 113, 261804 (2014)
g
b -
800_ -4-CDF data
g e 10
__|Single top
[ |W+HF
W Vl NIW +LF
DOther | =
__Uncertainty 20 _

NN discriminant

= s+t channel observed by CDF and DO in 2009
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Single Top Quark Observation
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ingle top t-channel cross section

éingie tob-quérk ﬁrodﬁctio'n | " t'channel (pé orp||o)

Inclusive cross sections

AL
| L 1111l

I IIIIIII|
| IIIIlIII
Q

[ IIIIII|
| | lIIlIII

= /'~ NLO+NNLL, PRD 83,091503 (2011) - -
] B v Tevatron, arXiv:1503.05027 [hep-ex] _ - - |
100 E A CMS, JHEP 12, 035 (2012) —_— - _— =
- = CMS, JHEP 06, 090 (2014) - a
- * CMS, TOP-16-003 (prel.) - o - -
1 0—2 | | | | | | | ] ] ] ] ] |
2 3 4 5 6 7 8 9 i0 11 12 13 14

Vs [TeV]
— agreement with SM predictions!

Top Quark Physics - Christian Schwanenberger - DESY Summer School 73 KoL



s— and Wt-channel Production

g t

S|
l_l‘

b

CMS, \s=8TeV, L=12.2 fb", 1jit

llllllllll'llllll'lllll

- s-channel single top quark, Tevatron RunIl,L_ <9.7fb™
int

¢ Data — Expected background

I SM signal Background uncertainty 600

DV_WZ+X

3 el TR : ot 500

10 25577, t-channel
BRSO Multijets T 400

N EHiggs

1 02 I 2 e LLI 300

700
10*

Events/0.1

W 2/ y *+jets
Il Other
Uncertainty

TET T IIIII|

155] IIHII{

n
o

200

100 e 100

o

_lllIllllllllllllllllllllllllllllll

1 0 %4 03 -02 -01 0 01 02 03
Discriminant output [log, (s/b)] BDT discriminant

@
1
N

. — observation: 6.3 s.d. — observation: 6.1 s.d.
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Single channel cross sections

o) = ' ' ' L e | | I I [ 3
% - Single top-quark production t-channel (pp or pp) > W t
- . . — b
_ Inclusive cross sections i i
102 = tw (pp orEE)—z DHW
i s-channel (pp) 4 ° J
- : t
10 =R
= s-channel (pp) 3
1 =
= v &= NLO:NNLL, PRD 82, 054018 (2010) =
- ~~ NLO+NNLL, PRD 83, 091503 (2011) a4  CMS, PRL 110, 022003 (2013) -
g i ¥ Tevatron, arXiv:1503.05027 [hep-ex] ™ CMS, PRL 112,231802 (2014) h
10 = 4 CMS, JHEP 12,035 (2012) S5 NLO:NNLL, PRD 81, 054028 (2010) =
- ® CMS, JHEP 06, 090 (2014) v  Tevatron, PRL 112, 231803 (2014)
- * CMS, TOP-16-003 (prel.) = CMS, arXiv:1603.02555 [hep-ex]  ~
102 | | | | | | | | | | | | |
2 3 4 5 6 7 8 9 10 11 12 13 14
\s [TeV]

— all production modes observed!
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Direct measurement of |Vi|

ATLAS+CMS Preliminary LHCtopWG

IVl = V%ﬁ" from single top quark production
0

Or0or NLO+NNLL MSTW2008nnlo
PRD83 (2011) 091503, PRD82 (2010) 054018,

PRD81 (2010) 054028
Aoy, scale ® PDF

June 2016

A
total theo

My, = 172.5 GeV If,V, + (meas) + (theo)
t-channel:
ATLAS 7 TeV' [ 1.02 + 0.06 = 0.02
PRD 90 (2014) 112006 (4.59 fb™")
ATLAS 8 TeV e 0.97 +0.09 + 0.02
ATLAS-CONF-2014-007 (20.3 fo™')
CMS 7 TeV e 1.020 = 0.046 + 0.017
JHEP 12 (2012) 035 (1.17-1.56 fb™')
CMS 8 TeV ] 0.979 = 0.045 = 0.016
JHEP 06 (2014) 090 (19.7 fb™") o
CMS combined 748 TeV ret + 4. 1Y% o998 0038 0016
JHEP 06 (2014) 090 -
CMS 13 TeV i 1.02 = 0.07 +0.02
CMS-PAS-TOP-16-003 (2.3 fb™") i
ATLAS 13 TeV e — 1.03 = 0.11+ 0.02
ATLAS-CONF-2015-079 (3.21b™')
Wit:
ATLAS 7 TeV b - | 103015 +0.03
PLB 716 (2012) 142-159 (2.05fb™") ‘
CMS 7 TeV I et . 1.01+0.16 +0.03
PRL 110 (2013) 022003 (4.9 fb™') -013 -004
ATLAS 8 TeV '™ —t—— 1.01+0.10 = 0.03
JHEP 01 (2016) 064 (20.31b™")
CMS 8 TeV' —ti—t—o| 1.03 £ 0.12 = 0.04
PRL 112 (2014) 231802 (12.2fo™")
LHC combined 8 TeV '* ——t— 1.02 = 0.08 = 0.04
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019
s-channel:
ATLAS 8 TeV* I —a—t i 0.93 023 +0.04
PLB 756 (2016) 228 (20.3 fb™) )
! including top-quark mass uncertainty
2 including beam energy uncertainty
1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
If, Vil

Top Quark Physics

Viss
VCS
Vis

q q
w
b t
g b
b w
b
g t
q t
W +
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